Efficient green and red upconversion emission in Y 2 O 3 :Yb 3+ , Er 3+ nanorods under 978 nm radiation excitation is achieved. Experimental effective lifetimes, luminescent emissions, and nanorod sizes depend strongly on the solvent ratios used during the synthesis. A microscopic nonradiative energy transfer model is used to approach the dynamics of the green, red, and infrared emissions. The excellent agreement between simulated and experimental decay suggests that the energy transfer mechanisms responsible of the visible emission depend on the solvent ratio.
Introduction
Synthesis and optical characterization of luminescent materials in their nanocrystalline form have led to their growing use in numerous military and medical applications, such as imaging, range finding, flash lidar, and remote sensing [1] [2] [3] [4] . Yttrium Oxide (Y 2 O 3 ) has been the material of choice for photonics applications, owing to its favorable physical properties and ease of synthesis in the nanometer regime [5] [6] [7] . In particular, nanometer-sized rare earth-doped Y 2 O 3 has shown enhanced luminescence and quantum yields relative to its bulk counterparts [8] . Very recently, a great deal of research has focused on finding lanthanide-doped inorganic nanocrystalline materials that will undergo near infrared (NIR) to-visible upconversion [6, 9] . The Er 3+ ion has a relatively low absorption cross-section for the transitions in the near-infrared (NIR) region around 1000 nm. On the other hand, the Yb 3+ ion exhibits a larger absorption cross-section in this region, and thus, codoping with Yb 3+ has proven to be a successful alternative for enhanced upconversion processes. In fact, there is a large spectral overlap between the 2 F 5/2 → 2 F 7/2 Yb 3+ NIR emission and the 4 I 11/2 → 4 I 15/2 Er 3+ absorption bands, which results in an efficient nonradiative energy transfer process, and in turn efficient upconversion emission. Some of the most important parameters on luminescent materials are the lifetime and quantum yield. Both parameters are related to nonradiative energy transfer processes among active ions within the host. There are several models that attempt to explain the lifetime and quantum yield dependence on nonradiative energy transfer rates. The pioneering works of Forster [10] , continued later by Dexter [11] and Inokuti and Hirayama [12] allowed the estimation of the non radiative energy-transfer rates based on experimental fluorescence lifetime measurements [13] . With varying degrees of acceptance, all these models have been applied to a large variety of crystalline systems in spite of the fact that hose models consider that the luminescent centers are continuously distributed within the luminescent host. This certainly is not the case in a crystalline medium, where the ions are distributed in very specific positions 2 Journal of Nanomaterials within the crystal lattice. Further, the discreteness of the active ions distribution within the crystalline lattice might become increasingly important as we consider nanometersized luminescent materials. So, there is a need to revise those models and formulate alternative ones.
In this paper, we consider the discrete distribution of the active ions (Er 3+ and Yb 3+ ions) within the crystalline lattice to study the nonradiative energy transfer processes that lead to the visible upconverted emission in Y 2 O 3 Er 3+ -Yb 3+ -codoped nanorods. Y 2 O 3 nanorod samples were synthesized by hydrothermal method using two ethanol/water solvent ratios (SRs), 1 : 10 and 1 : 5. Experimental effective lifetimes, luminescent emissions, and nanorod sizes depend strongly on the SRs. A nonradiative energy transfer model is proposed to numerical simulate the dynamics of the excitation energy among the active ions as well as their emission fluorescence decays. By doing that we extend the understanding of the non radiative energy transfer process that affect the photoluminescent properties of Er 3+ and Yb 3+ ions in Y 2 O 3 nanorods. These simulations results indicate that solvent concentration plays an important role on the upconversion luminescence processes, and therefore a change in the lifetime and quantum yield will be observed. It bears mentioning that our model is the only one at present that considers the discreet nature of the nanocrystals; in addition it also can consider more than one exited state (energy level) of the ions. All the above advantages are in contrast to the traditional models by Vasquez [13] , Jerez et al. [14] and Parisi et al. [15] , which do not consider the discreteness of the nanocrystals and are suitable only for systems of two levels ions.
Experimental
The Y 2 O 3 :Yb 3+ , Er 3+ nanorods, codoped with 1 mol% of Er 2 O 3 and 2 mol% of Yb 2 O 3 , were synthesized by the hydrothermal precipitation method via cetyltrimethyl ammonium bromide (CTAB) complexation, for two different ethanol to water SRs, 1 : 5 and 1 : 10. All chemicals were reagent grade supplied by Aldrich, Inc. Samples were obtained using as precursors YCl 3 6H 2 O, Er(NO 3 ) 3 5H 2 O, YbCl 3 6H 2 O, and CTAB as cationic surfactant. In both cases, all components were mixed in the corresponding ethanol to water SR, at room temperature, under vigorous stirring. The precipitation was achieved by adding sodium hydroxide and the resulting solution was transferred into a sealed autoclave maintained at 100
• C during 20 h. The precipitate was then washed with distilled water and dried in an oven at 100
• C for 15 h. Then it was annealed at 1000 • C for 3 h, with a heating rate of 31
• C/min. X-ray diffraction (XRD) patterns were obtained using SIEMENS D-5005 equipment provided with a Cu tube with K α radiation at 1.5405Å, scanning in the • 2θ range with increments of 0.02 
Model and Theory
The microscopic origin for nonradiative energy transfer processes can be visualized as an interaction between an excited ion, the donor D, and another not excited ion, the acceptor A, with an absorption transition resonant with the deexcitation of the first one [10, 11, 16] 
where R(Yb i , Er j ) is the distance between the ith Yb ion and the jth Er ion, C(Yb
is the dipole-dipole microinteraction strength parameter [11, 19] [21, 22] . Using the coordinate data from Crystallographic tables for the spatial group Ia3(206) [23] a kth nanocrystal sample is numerically generated. Then the Yb 3+ and Er 3+ dopant ions are placed into the potential 24d and 8b crystal sites with a random uniform distribution by using the Monte Carlo method. With this random uniform placement Er 3+ and Yb 3+ ions each have a particular distribution of neighboring Er 3+ and Yb 3+ codopants within the particular kth generated nanocrystal. Thus, based on actual interionic distances and by assuming a dipole-dipole microinteraction strength parameter we compute all the non radiative transfer rates among ion pairs for the considered transfer processes (see Figure 1 ). After that, we are in the position to solve (2) by a fourth-order Runge-Kutta Method [24] . Notice that the only free parameters are the C(Yb IS
Ybi and P X Erj P X Eri probability of being exited at time t. Thus, the total fluorescence emission transient from the kth generated crystal will be the average over the individual emissions overall active ions within the kth nanocrystal, and the macroscopic emission will be proportional to the average over a large number of k numerically generated crystal samples, that is,
Results and Discussion
The . Figure 2 helps to show the dependency between the solvent radio and interionic distance, which alone affects the nonradiative ET processes for a same dopant concentration. Both samples present single nanorod morphology as can be observed in the TEM micrographics in Figure 3 . For the 1 : 10 SR sample the nanorods are 745.6 nm lengths and 55.2 nm diameter in average, whereas for 1 : 5 SR the nanorods are 1464.8 nm length and 75.4 nm diameter. Taking into account the dopant concentration, size, shape, and ions distribution of the nanocrystals, we simulate a great number of nanorods. We estimated the mean Yb 3+ -Er 3+ distance (R YbEr ) for each water to ethanol SR. These R YbE are (7.661 ± 0.020)Å and (7.820 ± 0.0482)Å, at the 95.0% confidence level, for 1 : 5 and 1 : 10 SRs, respectively. Thus, form (1) and considering that in both samples the energy transfer processes among Yb 3+ -Er 3+ pairs are the same, that is, the same dipole-dipole microinteraction strength parameter for each ET process, in general the nonradiative ET processes are expected to be 13% stronger in the 1 : 5 solvent ratio sample than for the 1 : 10 SR sample.
The absorption spectra of the Y 2 O 3 :Yb 3+ ,Er 3+ nanorods for the two studied SRs are shown in Figure 4 . The absorption peaks for Er 3+ and the corresponding transitions from the ground states are 1536 nm ( 4 I 13/2 ), 965 nm ( 4 I 11/2 ) overlapped with the broad absorption band of Yb 3+ ( 2 F 5/2 ), 800 nm ( 4 I 9/2 ), 654 nm ( 4 F 9/2 ), 539 nm ( 4 S 3/2 ), 522 nm Figure 5 shows the VIS spectra of Y 2 O 3 under 978 nm excitation for both samples. The green emissions were observed in the range of 510-580 nm, corresponding to the ( 2 H 11/2 , 4 S 3/2 ) → 4 I 15/2 Er 3+ transitions, while the red emissions were observed between 640 and 690 nm, corresponding to the 4 F 9/2 → 4 I 15/2 Er 3+ transitions. We can see that the sample with 1 : 10 SR has in general lower emission intensity for all observed visible emissions than the sample with a 1 : 5 SR, that in principle could be due to quenching of the population of the Er 3+ ( 4 I 13/2 ) and Yb 3+ ( 4 F 5/2 ) excited levels by the residual H 2 O responsible of the 1382 nm band observed in the absorption spectra. Figure 6 shows both experimental and simulated fluorescence decays for the Yb 3+ and Er 3+ ions for their visible and infrared emissions. The effective lifetime is obtained from the experimental fluorescence decay using the expression [25] :
where I(t) is the respective fluorescence decay. The quantum yield can be calculated from the ratio of effective lifetime (τ e ) and free ion lifetime (τ) [25] . The computed effective life times and quantum efficiencies are reported in Table 2 . It is observed that in general, the effective lifetimes for the 1 : 5 SR sample are slower than the ones for the 1 : 10 SR sample. That fact suggests that the 1 : 10 SR sample might be subjected to more quenching processes than the 1 : 5 SR sample. The NIR effective lifetimes are most affected to the quenching processes by the increase of solvent for the Yb 3+ as well Er 3+ ions. This is because the Yb 3+ ( 2 F 5/2 ), Er 3+ ( 4 I 13/2 ), and Er 3+ ( 4 I 11/2 ) energy levels are more sensible to H 2 O residuals. As a result, the visible emission will be lessened by an SR increase because the Yb 3+ ( 2 F 5/2 ), Er 3+ ( 4 I 13/2 ) and Er 3+ ( 4 I 11/2 ) energy levels help to populate the VIS energy levels via upconversion process. The Visible emission quantum efficiency is reported in Table 2 . This shows a slight decrease with an SR increase nevertheless the emission intensity is strongly dependent the SR change.
To establish the nature of the interaction between Yb 3+ and Er 3+ ions in Y 2 O 3 we analyzed the experimental data using the Monte Carlo model (MC) described by (2) . In such equations only the direct Yb 3+ to Er 3+ energy transfer processes W(Yb 2 4 ) are considered and represent the cascading upconversion mechanism driven by nonradiative 7 energy transfer processes. Note that the energy back transfer process (Er 3+ to Yb 3+ ) is not considered since the measured lifetimes (see Table 2 ) for the 2 F 5/2 excited state of Yb 3+ are short compared to the 0.8 ms values reported in bulk and ceramics [26] . Those short lifetimes suggest that the strong depopulation of the 2 F 5/2 Yb 3+ state is taking place and it might be due to strong direct Yb 3+ and Er 3+ energy transfer processes, which are stronger to any other processes that might induce repopulation of such state as is the case of the back transfer process. We considered dipole-dipole interaction to drive the energy transfers from Yb 3+ to Er 3+ ions, see (1) . In order to use (1) we need to know the interionic distances between Yb 3+ to Er 3+ ions. We placed N Yb ions of Yb 3+ and N Er ions of Er 3+ with a uniform random distribution in k numerically generated nanorods, and using the crystallographic data for the Y 2 O 3 synthesized nanorods. Then, by solving (2) and (3) Figure 6 . The simulations shown in Figure 6 provide good representations of the experimental fluorescence decays of the 4 I 13/2 , 4 F 9/2 and 4 S 3/2 states of the Er 3+ and the 4 F 7/2 state of Yb 3+ in the nanorod samples. The free parameters used to compute these fluorescence decay simulations are the dipole-dipole microinteraction parameters reported in Table 2 . Notice that the C(Yb 2 4 ) parameters are almost the same for both samples; so the second and third Yb 3+ to Er 3+ energy transfers have the similar probabilities for both SRs. The biggest differences between experimental and model simulations correspond to the decay curves for the green emissions from the ( 2 H 11/2 , 4 S 3/2 ) → 4 I 15/2 Er 3+ transition; see Figure 6 (a). There, the simulated rise times are shorter than the experimental ones; this suggest the existence of additional depopulation channels of the 2 H 11/2 -4 S 3/2 energy levels, such as Er 3+ to Yb 3+ energy back transfer processes, which have not been considered in our model. That also might be the reason why the experimental decays are under the simulated ones at intermediate times. In regard of the red emissions ( 4 F 9/2 → 4 I 15/2 Er 3+ transition) there is an excellent agreement between the experimental and simulated decay trends, in particular the rise times are very well predicted by the simulations. Notice the offset at t = 0 between experimental and simulation curves for the NIR Yb 3+ fluorescence decays (Figure 6(d) ), such discrepancies for short times suggest that our model is not taking in to account additional channels of deexcitation, such as exchange interactions among dopant ion pairs or fast transfer processes to first neighbor radiation traps such as OH radicals at the nanorod surfaces. Nevertheless, with the most simple approach taken of considering only the ). Also the microinteraction parameters depend on the size and morphology, which on time depends on the water to ethanol SR. Our simulations mesh with existing literature; this confirms the validity of our results. It should be noted, however, that our model is the only one that explains qualitatively the types of energy process as well as its magnitude, taking into account the dopant concentration, more than one exited state (energy levels), ions distribution, size, and shape of the nanocrystals.
Conclusions
In summary, we have measured the fluorescence lifetime of the 4 A novel method was proposed and implemented in order to explain the dynamics of the green and red upconversion emissions in Yb 3+ -Er 3+ -codoped Y 2 O 3 Nanorods, taking into account the dopant concentration, more than one exited state (energy levels), ions distribution, size, and shape of the nanocrystals. A three-step nonradiative energy transfer model is proposed to explain the observed fluorescence decays characterized by dipole-dipole interactions. The corresponding microinteraction parameters are reported as well as quantum efficiency and effective lifetime for the visible emissions. Numerical simulations of fluorescence decays agree with experimental results. These results indicate that solvent concentration plays an important role on the upconversion luminescence processes, and therefore a change in the lifetime and quantum yield is observed.
